Foodborne pathogens are of significant concern in the agrifood industry and the development of associated rapid detection and identification methods are of major importance. This paper describes the novel use of resolution-optimized prism-based surface plasmon resonance imaging (RO-SPRI) and data processing for the detection of the foodborne pathogens Listeria monocytogenes and Listeria innocua. With an imaging spatial resolution on the order of individual bacteria (2.7 AE 0.5 mm Â 7.9 AE 0.6 mm) over a field of view 1.5 mm 2 , the RO-SPRI system enabled accurate counting of individual bacteria on the sensor surface.
Foodborne pathogens are of significant concern in the agrifood industry and the development of associated rapid detection and identification methods are of major importance. This paper describes the novel use of resolution-optimized prism-based surface plasmon resonance imaging (RO-SPRI) and data processing for the detection of the foodborne pathogens Listeria monocytogenes and Listeria innocua. With an imaging spatial resolution on the order of individual bacteria (2.7 AE 0.5 mm Â 7.9 AE 0.6 mm) over a field of view 1.5 mm 2 , the RO-SPRI system enabled accurate counting of individual bacteria on the sensor surface.
Using this system, we demonstrate the detection of two species of Listeria at an initial concentration of 2 Â 10 2 CFU mL À1 in less than 7 hours. The surface density of bacteria at the point of positive detection was 15 AE 4 bacteria per mm 2 . Our approach offers great potential for the development of fast specific detection systems based on affinity monitoring.
Introduction
Rapid microbial detection and identication is of great concern for consumer safety, in particular in the agri-food industry where perishable goods must be screened for pathogen contamination. [1] [2] [3] Listeriosis for example, a bacterial infection by Listeria monocytogenes, one of the main foodborne pathogens, causes a variety of severe illnesses with fatality rates as high as 30%. 4 However, all current testing methods for these bacteria require an incubation period lasting from 24 h to several days. 5 As a result, signicant work in academia and industry has focused on the development of rapid and affordable pathogen detection tools 6, 7 such as dedicated biosensors.
8,9
Various types of surface-based biosensors have proven effective for the detection of pathogens such as surface acoustic wave (SAW) sensors, 10 impedance sensors, 11-13 the quartz crystal microbalance (QCM), 14, 15 and surface plasmon resonance (SPR). 16, 17 Such sensors are compact, versatile, respond in real time, can be fabricated at low cost, and do not require molecular labeling.
18 Using modern microfabrication methods, these sensors can be congured in a matrix layout, thus enabling parallel detection to screen for multiple species or concentrations simultaneously. With SPR, the entire sensor surface can be imaged (termed "SPRI"), with the surface partitioned into arbitrary sized "spots" with location-specic surface functionalization for parallel detection applications.
19
In the case of biosensors that rely on surface detection, improvement in performance rely on three main strategies: improving the probability of contact of the target molecules with the sensing surface (efficacy and dynamics of mass transport towards the surface), increasing the efficiency of the surface probes (specicity and efficacy of capture of the targets), and enhancing the sensitivity of the transducer to improve the lower limit of detection. The rst strategy is used, for instance, in biosensors that employ microuidic mixing, 20,21 electrophoresis 22 or immunoseparation.
23
The second strategy has spawned much research in optimizing the nature of the probes 24 and immobilization strategies.
25-28
In the third strategy, efforts have focused on increasing the performance of the transducer, 29 labelling the targets with non-intrusive secondary molecules, 30 and on chemically amplifying the response.
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SPRI systems are easily automated and compatible with real food samples. 9, 19, 32, 33 Optical coupling can be achieved with gratings, 34 microscope objectives 35, 36 or prisms, 19, 32, 37, 38 with prism-based SPRI being the most frequently used conguration for the detection of bacteria. Prism-based SPRI systems are oen designed with a relatively wide eld of view (around 1 cm 2 )
for parallel measurements on a matrix of spots (spotted microarray) with detection levels as low as 100 pM in the case of DNA-DNA hybridization. 38, 39 Though prism-based SPRI systems are limited in spatial resolution to tens of microns or more by geometrical aberrations caused by the prism, 40 this is not a problem for spotted microarray applications since the spots are sufficiently large (100 microns in diameter or more) and spatially well separated. In true imaging applications of biological objects such as bacteria, however, where the morphology and/or dynamical behaviour of individual objects is the basis for the information sought, the low spatial resolution results in loss of important information.
In this article, we propose a new strategy to improve the performance of bacterial detection using resolution optimized (RO) surface plasmon resonance imaging (RO-SPRI). The strategy is based on extending the high spatial resolution of SPRI, typically restricted to a narrow band in the middle of the image and falling off towards the edges, to the entire eld of view, thereby signicantly improving the accuracy of the surface kinetics analysis. 40 We demonstrate faster positive signature identication based on single bacteria observation compared to SPRI analysis based on aggregate spots responses. Our observations are conrmed with standard differential interference coherence (DIC) microscopy. 41 To our knowledge, this is the rst time that SPRI is used for bacterial detection based on counting and trajectory analysis of individual bacteria. For each experiment, six serial dilutions (1 : 10) were carried out with TSB. 200 mL of one of the six dilutions corresponding to the targeted concentration was injected into the RO-SPRI uidic chamber and processed on the biochips. Other samples of 200 mL were also done in parallel and kept at the same temperature as the experimental chamber (37 C). The bacterial concentration was then controlled every hour for four hours (plus initial time) by spreading 100 mL of the sixth dilution on two TSA plates. The colony counting was performed aer overnight incubation at 37 AE 1 C.
Biochip preparation
N-SF66 glass prisms with an apex angle of 83 and a width of 12 mm (ref. 40) (Schott, Switzerland) formed the base of the RO-SPRI biochips. Thin lms of 2 nm of chromium and 53 nm of gold were deposited on the prism base (the sensor surface) by evaporation. The prism bases were then plasma cleaned (40 W, 0.6 mbar, 75% oxygen, 25% argon) for 3 minutes (Femto 300, Diener Electronic, Germany) to prepare the surface for chemical functionalization.
Three antibodies provided by Prestodiag (Villejuif, France) were used for surface spot functionalization: two polyclonal antibodies (LiM14 and LiM16) specic to Listeria monocytogenes and one polyclonal antibody (Lis12) specic to Listeria innocua. One monoclonal antibody (KLH), directed against Keyhole Limpet Hemocyanin (obtained from L. Bellanger CEA Marcoule, France), i.e. not directed against bacterial targets, was used as a negative control in all experiments.
The biochip surface functionalization was prepared with an electro-polymerization process described in detail elsewhere. 19, 42 Electropolymerization of the solution (1 mM of antibodies coupled with NHS-pyrrole, 10 mM of free NHS-pyrroles in spotting buffer) was carried out using a Microgrid spotter (BioRobotics). Biochips were then washed with phosphate buffer solution (PBS) and nal surface passivation was performed using 1% (w/v) bovine serum albumin (Sigma Aldrich, Saint Quentin Fallavier, France) for 15 min at room temperature, ensuring very low non-specic binding. 43 The biochips were washed again with PBS and kept in PBS at 4 C for up to several weeks.
44,45
Before being introduced into the RO-SPRI system, described in detail the next section, the non-coated faces of the prism were thoroughly washed and cleaned to avoid any optical defects.
Apparatus set-up
The set-up was designed to demonstrate and validate the use of resolution-optimized prism-based SPRI (RO-SPRI) for bacterial detection. The system was coupled to a differential interference contrast (DIC) microscope for simultaneous observation during the experiments.
Resolution-optimized prism-based SPR imaging (RO-SPRI) system. The RO-SPRI system used in the experiments is depicted in Fig. 1 and is described in detail elsewhere. 40 The light source consists of a high-power LED M735F1 (Thorlabs, New Jersey, USA), of centre wavelength 735 nm, coupled to an optical ber (1 mm diameter core), collimated by a 35 mm focal length aspheric achromatic lens. The resulting beam is then selected for transverse-magnetic or transverse-electric polarization using a rotating linear polarizer before entering the prism. Light reected at the prism/uid interface is imaged by a CMOS sensor (ORCA 4.0, Hamamatsu, 2048 Â 2048 resolution, 16 bits per pixel) using a custom-made 14Â objective consisting of 210 mm and 15 mm focal lengths convex lenses. Note that in prism-based SPRI, the image plane usually is not perpendicular to the optical axis of the system, i.e. there is a skew between the camera image plane and the sensor surface, resulting in only a narrow band being in focus at any time in the image, with resolution dropping off towards the edges due to progressive loss of focus. 40 The amount of skew is dependent on the geometry of the prism and dictates the width of the "in-focus" band at the centre of the image. In RO-SPRI, a 15 images sequence is captured corresponding to a series of focal plane step-changes designed to scan the "infocus" band across the image. The images in the sequence are then processed to combine them into a single "RO-SPRI image" that is in focus across the entire image thereby having uniform spatial resolution. In the experiments described below, one RO-SPRI image was generated every 3 minutes.
Note also that due to the propagative nature of the surface plasmons, the spatial resolution in the direction parallel to plasmon propagation is ultimately limited by the propagation length of the surface plasmons. 46 In our case, spatial resolution in the direction parallel to plasmon propagation is $6 mm. Even if better resolution can be reached using other settings, these choices appeared to be a satisfactory compromise between spatial and temporal resolution for the targeted application.
Differential interference coherence (DIC) microscopy system. DIC images were recorded simultaneously with a color 18 MP CMOS sensor (Canon 600D) mounted on an upright Olympus microscope (U-MDIC, Olympus, Japan), with a 10Â objective (MPFLN10X Olympus), placed above the SPRI set-up (Fig. 1) . The RO-SPRI system and the DIC microscope were set to record the same area on the biochip and both cameras were synchronized for simultaneous acquisition.
Fluidic chamber
The bacterial suspensions were injected on the biochip surface through a custom-made temperature regulated uidic chamber, enabling bacterial growth during experiments. As shown in Fig. 2 , a 200 mL uidic chamber was fabricated from a 1.5 mm thick PDMS lm and then glued to a 2 mm thick glass plate aer plasma activation (40 W, 0.6 mbar, 75% O 2 , 25% Ar for 30 s, Femto 300, Diener Electronic, Germany). Fluids were injected through 600 mm diameter PE tubes.
The temperature regulation was carried out by a heating circuit made of resistive wires contouring the chamber, supplied with a variable voltage. The voltage was regulated using a PID controller tuned by the measurement of the temperature through a thermistor. The variability of the temperature was AE0. 15 C, which is adequate for microbiology applications. 47 Note that SPR signal variations induced by a 0.15 C temperature variation (about 0.02% reectivity)
are much smaller than the SPR reectivity changes that indicate the presence of bacteria on the sensor surface (>1% reectivity). 48, 49 The operating temperature for the experiments was set at 37 C.
Data processing
Image processing. Reference RO-SPRI and DIC images at the beginning of each experiment were stored and subtracted from all following images to remove inhomogeneity due imperfections on the biochip surface and static intensity variations between the chemically different areas. The resulting images are named "differential RO-SPRI images" and "differential DIC images" below.
Event counting. The number and location of high-intensity features or "events" indicating the presence of bacteria in the RO-SPRI images were calculated using the ImageJ (http:// imagej.nih.gov/ij/) Fiji "Trackmate" plugin (https://ji.sc/).
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The lters used for object detection were Laplacians of a Gaussian (LoG) with a dimensions of 7.4 mm and 2 mm for the RO-SPRI images and DIC images, respectively, as determined experimentally from the data. The spatial distribution of highintensity features (events) indicating the presence of individual bacteria within each antibody-functionalized spot were calculated using Matlab, with an average surface density of bacteria determined per each spot.
SPRI sensorgrams. For comparison with conventional prismbased SPRI, an aggregate analysis per spot area was also performed on the RO-SPRI images. The same spots as in the event counting analysis were used and kinetic curves were calculated by computing the mean differential intensity averaged over each spot. This kind of analysis will be referred to as "SPRI sensorgrams" as oen found in the literature.
51-55

Results and discussion
In the experiments, several concentrations of L. monocytogenes and L. innocua were injected into the uidic chamber and RO-SPRI and DIC images were acquired over time using the dual imaging apparatus. 
Image comparison between RO-SPRI images and DIC microscopy images
A comparison of images and event detection, carried out on both types of images, is presented Fig. 3 . The images correspond to an experiment with an original concentration of L. monocytogenes at 2 Â 10 2 CFU mL À1 , starting at 400 min aer injection into the uidic chamber. Under these conditions, high-intensity events indicating the presence of individual bacteria in the RO-SPRI micrographs (Fig. 3a) were 2.7 AE 0.5 mm Â 7.9 AE 0.6 mm in size on average along the directions perpendicular and parallel to plasmon propagation, respectively. L. monocytogenes is a bacterium of average size 2 mm Â 0.5 mm Â 0.5 mm, the discrepancy along one of the two planar dimensions being due to loss of spatial resolution associated with plasmon propagation. In the DIC microscopy images, the bacteria have an estimated size of 2.0 AE 0.2 mm Â 0.7 AE 0.2 mm, the variability being due both to the variability in the actual size of the bacteria and to the low magnication of the objective which was xed at 10Â to obtain a eld of view compatible with the RO-SPRI system.
The event counting data processing ( Fig. 3c and d) showed that more particles were detected in the DIC images. This is due to the difference in the depth of eld between the two methods: the evanescent eld associated with the surface plasmons has a penetration depth in the dielectric of less than 300 nm at a wavelength of 740 nm, while the DIC microscope has a depth of eld of around 8 mm for the 10Â objective. As the images were taken while the bacterial solution was still in the chamber, bacteria in the volume could be observed in the DIC images outside the penetration depth of the SPRI system, explaining the difference in the number of bacteria observed with each imaging system. For larger densities of bacteria, the difference could also be related to the lower spatial resolution of the RO-SPRI system causing close events to merge and not to be discernible. This is of minor concern for early diagnostics, i.e. for low concentration detection, provided there is no factor promoting aggregation.
Quality control of the bacterial growth conditions in the uidic chamber
The biocompatibility of the uidic chamber was validated by assessing the doubling time of L. monocytogenes during experiments from the DIC microscopy images. As the depth of eld of this method is of several microns, the number of bacteria detected over time is a direct assessment of growth in the solution. In the absence of ow, the evolution of the number of bacteria, N(t), in DIC microscope images on a surface S, depends solely on diffusion and gravity and can be calculated with: N(t) ¼ C 0 exp(t/s) Â S Â v Â t, where v is the sedimentation speed and s the growth rate of the bacteria. The event detection data calculated from the DIC differential images of bacterial density over time were tted to a two-parameter model (t) ¼ A exp(t/s)t, where A ¼C 0 Sv and the doubling time s 2 ¼ s ln 2 (Fig. 4a) . As a control or bacterial viability and growth in each experiment, model parameters were estimated for an initial injection rate of 2 Â 10 2 CFU mL À1 (AE10%), yielding a doubling time of 40.5 AE 2.7 min. This values are in line with what is reported in the literature for growth in optimal conditions. 56 No difference in growth efficiency was seen between the antibody spots. This analysis shows that our uidic chamber enables close to optimal growth conditions for the bacteria of interest. The residuals of the modelling process, dened as the difference between the model and the experimental data, are available in the ESI. † Considering this doubling time, it is assessed the concentration in solution, 400 min aer injection, has doubled ten fold since injection.
The same analysis was also performed on SPRI images (Fig. 4b ), leading to a doubling time of 46.7 AE 1.8 min. This difference with the DIC-based analysis can be attributed to the limitation of the SPRI system to differentiate between individual events that are closer than the spatial resolution of the system, leading to an apparent lower increase in the number of bacteria.
Early detection of bacteria
The objective of the experiments was to detect bacterial presence as soon as possible, quantied by the "onset of positive detection" dened as the time at which the signal-to-noise ratio (SNR) exceeds 3. The noise oor for SNR calculation was estimated from the KLH negative control.
Both SPRI sensorgrams-based analysis and RO-SPRI-based event counting analysis were carried out for the detection of two species of Listeria: L. monocytogenes and L. innocua. The two species were rst detected separately at different concentrations. A third type of experiment consisted in the simultaneous detection of both species L. monocytogenes and L. innocua injected at a concentration of C 0 ¼ 2 Â 10 4 CFU mL À1 (AE10%).
A comparison between the SPRI sensorgram-based analysis and the RO-SPRI-based event counting is presented in Fig. 5 for the detection of L. monocytogenes and L. innocua injected at C 0 ¼ 3 Â 10 4 CFU mL À1 (AE10%) (Fig. 5) . For SPRI sensorgrams, results are generally presented in terms of reectivity variations: with the imaging components in our apparatus, an intensity variation of 100 grey levels (I À I 0 ¼ 100) corresponded to a reectivity variation of $1% (D%R $ 1%).
In the SPRI sensorgram-based analysis (Fig. 5a ), the negative control areas (KLH) showed a dri of 20% between 200 min and 400 min following injection, while in the RO-SPRI-based event counting analysis, the same negative control area (KLH) showed a non-specic signal of less than 13% over the same interval. This difference in the negative control is due to the different processing strategies: in SPRI sensorgrams, intensity changes inside a region of interest also depend on refractive index changes in the uid medium close to the surface (change of composition due to the consumption of nutrients by the bacteria, light source intensity and/or variations, etc.). For RO-SPRI-based event detection, even if the background signal varies, the individual bacterial event counting is unaffected.
In the case of RO-SPRI-based event counting, the "time to onset of positive detection" (SNR > 3) corresponded to a surface density of between 10 and 20 bacteria per mm 2 (between 3 and 6 units per antibody spot), for an average value of 15 AE 4 bacteria per mm 2 .
Results of "time to onset of positive detection" estimations for both types of analyses are presented in Table 1 . For SPRI sensorgrams, calculated onsets of positive detection, at $9 h for an initial concentration of 2.0 Â 10 2 CFU mL À1 and $5 h for an initial injection at 3 Â 10 4 CFU mL À1 , are consistent with the literature. 32,57-59 From RO-SPRI data, the surface density at these times of onset of positive detection on SPRI sensorgrams are respectively estimated at 62 AE 10 bacteria per mm 2 , and 75 AE 20 bacteria per mm 2 .
For RO-SPRI-based event counting, the time to onset of positive detection were reduced by at least 66 min and up to 86 min compared to the sensorgram method. This gain is coherent with the difference between the surface densities at the onset of positive detection of both methods.
Conclusion
In this work, we demonstrated a label-free, real-time biosensor using a prism-based, resolution-optimized SPRI system, optimized for the detection of individual bacteria over a relatively wide eld of view. This innovative apparatus can detect individual bacteria in a eld of view of 1.5 mm 2 , a surface area wide enough to image several antibody-functionalized spots, enabling parallel measurement of different bacteria-antibody interactions. By coupling the system to a DIC microscope, we validated the viability of the uidic chamber bacterial growth conditions.
The system proved to be effective for the detection of two different species of Listeria, both separately and simultaneously. The data analysis showed a gain of at least one hour compared to classical SPRI analysis based on sensorgrams, with an even higher gain of 1 h 30 min for low concentration injection of 2.0 Â 10 2 (AE10%) CFU mL À1 . The improvement in the times to onset of positive detection between the two SPRI methods is clear. Indeed, the presence at the surface of even a very small number of bacteria creates a measurable RO-SPRI signal that is not differentiable from noise in SPRI sensorgrams. The ability of our system to detect the presence of bacteria at surface densities as low as 15 AE 4 bacteria per mm 2 is very promising for early detection of bacteria.
To develop further our technique, experiments on complex samples closer to real life applications, such as food matrices, and for the detection of low concentration pathogens, should be perform. Such experiments were already successfully carried out on standard SPRI devices 19 and look therefore like a realistic perspective.
Conflicts of interest
There are no conicts to declare.
